The effects of dispersed drops in the electrorheological ͑ER͒ behavior of a polyaniline particle suspension were considered. Oil-in-oil emulsions, which differ in the electrical conductivity and dielectric constant, were employed for the liquid biphase. The yield stress behavior of ER suspension under steady shear and electric field was examined. Only when the dispersed drops with a higher conductivity formed the dispersed liquid phases in the presence of dispersed polyaniline particles was a synergistic effect in the yield stress observed, giving a better ER performance and reduced current density. A direct microscopic observation demonstrated that such a synergistic effect is due to the unique microstructures in a complex composed of particles and deformed emulsion drops. Not only the magnitude but also the dependence of the yield stresses on the electric field strength were strongly affected by the change in relative composition of particulate and liquid drop phases. The associated mechanism of ER response in particle-drop bidispersion was explained on the basis of the relationship between the microscopic change of structures and macroscopic rheological properties.
I. INTRODUCTION
The electrorheological ͑ER͒ response describes the rapid but reversible change in the rheology of concentrated nonaqueous suspensions of polarizable particles following the application of a strong external electric field ͓Block and Kelly ͑1988͔͒. ER phenomena originate from the enhanced resistance to flow due to the formation of chain-like particle structures ͓Halsey et al. ͑1992͔͒. ER fluids have offered great potential as ideal mechanical-electrical interfaces with fast response time and excellent controllability. However, at present there are significant difficulties in attaining the desired material strength and suitable properties for individual devices, primarily due to the lack of knowledge on the underlying mechanisms of the ER response ͓Parthasarathy and Klingenberg ͑1996͔͒.
Structures such as chains of particles that form in the presence of an electric field are central to the behavior of ER fluids ͓Halsey ͑1992͔͒. However, shape, thickness, and morphology of such chains are greatly influenced by the physical properties of the ER fluid constituents, such as the dielectric constant and conductivity of the suspended particles and medium ͓Trau et al. ͑1995͔͒. For anhydrous systems which ensure ER activity in a wide range of temperatures, the effects of the conductivity of particles, dielectric properties of ER suspensions, and additional additives such as nonionic surfactants have been investigated using semiconductive polymeric particle suspensions ͓Chin et al. ͑1998͒; Lee et al. ͑1998͔͒ . Thus, the optimum conditions for the material properties of ER fluid particles and the concentration of the surfactants were found experimentally. Nevertheless, the performance and stability of these semiconductive polymer-based ER materials are still insufficient for the successful development of specific application devices. For further enhancement of the performance of ER fluids, in such properties as dynamic yield stress and elastic modulus, it would be better to increase the volume fraction of the suspended particles. However, the volume fraction cannot exceed some critical value, which depends on the shape and size of the particles and the viscosity of the medium. Furthermore, a too concentrated ER suspension can cause a dielectric breakdown as a result of large current leakage and can exhibit an unsatisfactory performance as a result of high zero-field viscosity.
Under a strong electric field, liquid drop dispersed in carrier fluid experiences an electrostatic force, acting on the elongation of drop by the Maxwell electric stress ͓Torza et al. ͑1971͔͒ . If the dispersed drops have a higher dielectric constant or conductivity compared with the carrier fluid, the dispersed phase forms the fibril worm-like structures that span the electrodes along the direction of applied electric field ͓Pan and Mckinley ͑1997͔͒. In this way, the emulsion exhibits a resistance to flow and enhanced viscosity in the presence of the electric field. Immiscible blends of liquid crystalline polymer ͑LCP͒/ dimethyl siloxane have also been reported to show an ER response due to the difference in their electrical properties ͓Tajiri et al. ͑1998͒, ͑1999͔͒. They explained the transient rheological behavior of ER-active blends via the structural change of dispersed LCP drops in a shear flow and electric field. The absence of a macroscopic yield stress for these systems is very probable since the formed column can be easily destroyed, unlike the solid chain structures of conventional ER suspensions. However, if the ER-active particles and drops are simultaneously present and there is some kind of attractive interaction between the polarized particles and liquid dispersed phase, such a solid/liquid bidispersed system will be more effective as an ER material. In this case, the dispersed phase consists of ordinary particles combined with liquid drops, which have a higher dielectric constant or conductivity than the continuous phase. A potential gateway to further progress in the existing performance of ER fluids would be to employ a bi-or multiphase dispersed ER system showing the unique structures in an electric field. Furthermore, the effects of the electrical properties and viscosity of emulsion constituents on the ER response would be an important design parameter for high-performance ER materials and useful evidence for clarifying the underlying mechanism of ER phenomena.
In this paper, we focus primarily on the preparation of unique ER materials composed of both polymeric particles and dispersed liquid drops. On the basis of the evidence of ER response in the emulsion systems, the effects of the emulsion drops on the rheological behavior of particle-drop bidispersed ER suspensions were examined. To clarify the mechanism of the ER response for these systems, we measured the yield stresses as a function of the electric field strength and the volume fraction of the emulsion drops as well as the dispersed particles. We also observed the microscopic change of the ER suspensions directly in an electric field. The relationship between the microscopic structures and macroscopic rheological behavior is discussed here in detail.
II. EXPERIMENTS

A. Materials
As a novel semiconductive polymer for the particulate phase of the ER fluid, polyaniline was synthesized ͓MacDiarmid ͑1993͔͒. The number average particle diameter measured from the particle size analyzer ͑Shimatsu SA-CP3͒ was about 32 m with broad distribution. The density of the dried polyaniline was 1.30 g/cm 3 . In order to reduce the high conductivity of polyaniline particles prepared by the chemical oxidation process of aniline in the presence of acidic dopant, we treated the particles with 3.0 vol % NH 4 OH aqueous solution for 24 h. The conductivity of completely dried polyaniline particles prepared by this method ͑for the compressed pellet with a 13 mm diameter͒ was 5.5 ϫ10 Ϫ9 S/m, which is in the range of optimum semiconductivity according to the previous report ͓Chin et al. ͑1998͔͒.
As the dispersing mediums, silicone oil ͑Shin Etsu Chemical͒ and chlorinated paraffin ͑Celeclor s45, ICI chemical͒ were employed. In order to prepare the oil-in-oil emulsions with a difference in conductivity, blends of silicone oil/Celeclor s45 were prepared with volume ratios of 90/10, 80/20, 70/30, 30/70, 20/80, and 10/90 , where the minor constituent formed a dispersed drop. The corresponding volume fractions of Celeclor s45 in the emulsion, defined as ⌽, were 0.1, 0.2, 0.3, 0.7, 0.8, and 0.9. The related properties of the liquid phases are summarized in Table I . Both oils were Newtonian fluids and showed a constant viscosity ͑also specified in Table I͒ over a wide range of shear rates ͑0.05-1000 s Ϫ1 ͒. ER suspensions with a volume fraction of the polyaniline particle p ϭ 0.024-0.130 and various fractions of silicone oil and Celeclor s45 were manufactured for rheological characterization. The ratio of conductivity between the polyaniline particles and continuous phase was 2200 for the continuous phase of silicone oil and 7.3 for the Celeclor s45, respectively.
B. Methods of investigation
Steady shear-rate sweep experiments from 0.1 to 1000 s Ϫ1 for the prepared electrorheological fluids were performed using a Couette type rheometer ͑PHYSICA MC 120͒. The diameters of the cup and bob were 15.18 and 14.00 mm, respectively ͑i.e., the gap size was 0.59 mm͒. An electric field perpendicular to the flow direction was applied by a high voltage power generator ͑Glassman model EL5P8L͒ to the cylinder cup; the inner wall of the cup was the positive electrode and the bob was grounded. Before each experiment, the suspensions were sheared at 300 s Ϫ1 for 3 min as an initial condition. All of the experiments were performed at 25°C. The formation of particle strands and columns in the electric field and stationary condition was observed with a polarized optical microscope ͑Nikkon optiphot 2-pol, 10ϫ4͒ equipped with a charge coupled device video camera module ͑SONY Model XC-711͒. Diluted ER suspensions were placed between the copper electrodes attached on a slide glass. The gap between the two electrodes was set to 1.0 mm. 
III. RESULTS AND DISCUSSION
A. Rheological properties under electric field
Typical behavior of electrorheological fluids under the influence of an external electric field in the postyield state is characterized as the Bingham fluid model. This means that flow is observed only after exceeding a minimum yield stress. The constitutive equation for a Bingham fluid is
where y is the dynamic yield stress, p is the plastic viscosity, ␥ is the shear rate, and is the shear stress. The dynamic yield stresses can be obtained from the log-scale stress response of shear rate sweep by interpolating to zero shear rate from the plateau stress at low shear rate ϳ 0.1 s Ϫ1 ͓Lee and Park ͑1996͔͒. The emulsion itself, composed of mutually immiscible oils, has a small ER effect if the dispersed phase is more conductive ͓Pan and Mckinley ͑1997͔͒. Although the reported increase in viscosity in these emulsion systems was not great, the presence of emulsion drops in the conventional particulate ER suspension was found to give a further enhanced ER response under electric field and shear flow. Figure 1͑a͒ illustrates the shear stress curve of polyaniline suspensions versus shear rate ͑0.1-1000 s Ϫ1 ͒ under electric field strength of 0.0-4.0 kV/mm. For a 13 vol % of polyaniline particle dispersed in a single liquid phase ͑silicone oil͒, Bingham plastic behavior in a steady shear flow and electric field can be clearly observed. Figure 1͑b͒ represents the same type of flow-curves for the ER fluid containing 13 vol % of polyaniline particles ( p ϭ 0.13͒ and 30 vol % emulsion drops of Celeclor s45 (⌽ ϭ 0.3͒ in the silicone oil. It showed an increased stress response over the entire range of the shear
FIG. 1.
Steady shear stress vs shear rate for polyaniline particle suspension under various electric field strengths: ͑a͒ 13 vol % polyaniline particle is suspended in pure silicone oil (⌽ ϭ 0͒; ͑b͒ 13 vol % polyaniline particle and 30 vol % Celeclor s45 drop are suspended in silicone oil (⌽ ϭ 0.3͒; ⌽ denotes the volume fraction of Celeclor s45 based on the total volume of liquid phase.
rate and electric field strength measured. The increase of shear stress was dominant in the range of low shear rate, whereas only a small enhancement was observed in the high shear region in which a hydrodynamic force dominated. Here the volume fraction of particle p , which is defined on the basis of total volume of suspension, was identical for the two cases. Figure 2͑a͒ gives the dynamic yield stresses of polyaniline in a silicone oil suspension containing various concentrations of Celeclor s45 drops (⌽ ϭ 0, 0.1, 0.2, and 0.3; continuous phase is silicone oil͒. For the overall case, the volume fraction of dispersed polyaniline particles p was set to 0.13. The absolute values of the dynamic yield stress were, however, greatly enhanced as the volume fraction of Celeclor increased, so that at 4 kV/mm, the yield stress for the suspension of ⌽ ϭ 0.3 was almost three times higher than the one of ⌽ ϭ 0. Dependence of the dynamic yield stress on the electric field can also be characterized in this log-log plot. For the polyaniline suspension in pure silicone oil ͓circular symbol in Figure 2͑a͔͒ , dependence on the electric field was nearly quadratic in a low electric field. However, in a strong electric field, significant lower deviation from the quadratic one was shown. This nonuniform dependence on the electric field strength is typical behavior of ER phenomena in the dc field induced by conductivity effects ͑the difference in conductivity between the particulate and liquid phases͒. The conduction model explains well the quadratic dependence on the electric field strength at low field and the reduced dependence at high electric field strength ͓Tang et al. ͑1995͒; Wu and Conrad ͑1997a,b͔͒. Electrophoresis of suspended particles under static electric field may affect this nonuniformity. However, as the fraction of Celeclor in the emulsion (⌽) increased, quadratic dependence on the electric field was still valid even at high field strength, apparently indicating that nonlinear conduction at high field does not dominate in these multiphase ER materials.
FIG. 2.
Electric field dependence of the dynamic yield stress for polyaniline suspension ͑13 vol %͒ containing various concentrations of emulsion drops: ͑a͒ continuous phase is silicone oil; ͑b͒ continuous phase is Celeclor s45. Figure 2͑b͒ illustrates the dependence of the yield stress on the electric field for polyaniline suspensions with Celeclor s45 as the continuous phase. The Celeclor s45-based suspension showed a higher yield stress response compared with the silicone oilbased one in the same electric field strength. Such a difference will be discussed in Sec. III C. However, both the increment of the yield stress and the dependence of the electric field showed quite small changes even though the relative fraction of dispersed silicone oil in Celeclor increased. Deviation of field dependence at high electric field was also shown irrespective of the concentration of emulsion drop ͑silicone oil͒. Therefore, the trends in Fig. 2͑a͒ are probably due to the formation of a complex microstructure when the polyaniline and elongated Celeclor drops formed the more stable columns, whereas such an effect cannot be expected in the case of Fig. 2͑b͒ .
Dependence of the yield stresses and the current density on the fraction of emulsion drops are summarized in Fig. 3 . For the system of silicone oil-matrix fluids, the magnitude of the yield stress displayed a sharp enhancement on increasing the fraction of Celeclor s45 ͓Fig. 3͑a͔͒. The increment of the yield stress remained relatively small at low electric field. However, it became fairly large under strong electric field. More noticeably, the response of the current density was gradually decreased when the fraction of the more conductive Celeclor s45 drop was increased ͓Fig. 3͑b͔͒. We could validate the potential reduction of the undesirable current leakage in the structures of electrified particles and deformed drops. Figure 3͑c͒ gives the yield stresses of polyaniline suspensions in the continuous phase of Celeclor s45. Addition of a less conductive   FIG. 3 . Dynamic yield stress y and current density of electrorheological polyaniline suspension as a function of the concentration of Celeclor s45: ͑a͒ y ; ͑b͒ current density ͑continuous phase: silicone oil͒; ͑c͒ y ; ͑d͒ current density ͑continuous phase: Celeclor s45͒. dispersed phase probably brings about a ''negative'' ER effect ͓Boissy et al. ͑1995͒; Wu and Conrad ͑1997c͔͒. However, the plateau or slightly increasing pattern was shown when the fraction of less conductive silicone oil drops was increased. It seems to be due to the slight increase of the fraction of polyaniline particles relative to the volume of the Celeclor s45 continuous phase, since the overall fraction of particles were set to be equal. Current density normally decreased when the relative fraction of the less conductive silicone oil was increased ͓Fig. 3͑d͔͒.
The above-mentioned rheological behavior of complex ER dispersion was reported for the first time in the present study. In order to verify some of the assumptions employed, a detailed elucidation on the basis of the microstructural change will be given in the next sections.
B. Microscopic observations
We directly observed the microstructures in the ER suspension containing particles and emulsion drops under the influence of an external electic field. First, the microstructural change of the silicone oil/Celeclor s45 emulsion ͑volume fraction of Celeclor ⌽ ϭ 0.1 and 0.9͒ with and without the electric field is shown in Fig. 4 . For the emulsion with ⌽ ϭ 0.1, more conductive Celeclor drops formed the dispersed phase as shown in Fig. 4͑a͒ . The Celeclor drops formed slender bodies and spanned the electrodes under electric field, as observed in Fig. 4͑b͒ . Deformed drops ͑prolated͒ at the initial stage of the electrified state suddenly undergo coalescence and elongation, which leads to the formation of a worm-like column. This is why the ER effect appears in such emulsion as reported elsewhere ͓Pan and Mckinley ͑1997͔͒. However, the formed columns were easily destroyed and continuously reformed. In the case of the phase-inverted emulsion (⌽ ϭ 0.9͒, where the dispersed phase is silicone oil ͓Fig. 4͑c͔͒, the alignment of the drops into chains along the field direction is also observed right after an inception of the electric field, as shown in Fig. 4͑d͒ . However, there is a kind of vortex flow that disrupts the chain structure and electrophoretic movement of oblated drops. Such an electrohy-
FIG. 4.
Microstructural change of silicone oil/Celeclor s45 emulsion: ͑a͒ ⌽ ϭ 0.1 without electric field; ͑b͒ ⌽ ϭ 0.1 under E ϭ 2.0 kV/mm; ͑c͒ ⌽ ϭ 0.9 without electric field; ͑d͒ ⌽ ϭ 0.9 under E ϭ 2.0 kV/mm: the continuous phase is silicone oil for ͑a͒,͑b͒ and Celeclor s45 for ͑c͒,͑d͒.
drodynamic flow seems to be caused by the electrocapillary effect due to the nonuniform electric field of the thin electrode and the electrochemical reaction between the electrode and the suspending medium of Celeclor s45 ͓Pan and Mckinley ͑1997͔͒. As time elapses, coalescence of drops and deposition on the electrode is observed.
When the ER-active particles were dispersed in these emulsion systems, a microstructural change of the complex dispersion resulted in the formation of complex chain structures. Figure 5͑a͒ shows the polyaniline suspension in pure silicone oil ͑diluted to 0.005 wt % for clear observation͒ under electric field E ϭ 2 kV/mm. The presence of fibrils is FIG. 5. Microstructural change of polyaniline particle suspension forming the column under electric field, where continuous phase is silicone oil: ͑a͒ ⌽ ϭ 0; without Celeclor emulsion drop ͑b͒ ⌽ ϭ 0.1, ͑c͒ ⌽ ϭ 0.3. obvious, although the particle string is not always a single line but sometimes strings are combined together. Figure 5͑b͒ also shows the microscopic structure at 2 kV/mm for the dilute polyaniline suspension in silicone oil, with a Celeclor s45 emulsion drop (⌽ ϭ 0.1͒. Slender worm-like liquid bodies ͑Celeclor drops͒ spanning two electrodes were also observed. Moreover, most of the dispersed polyaniline particles were located in the Celeclor-rich phase. Therefore, the bridging columns are containing a lot of polyaniline particles and the chain structures are substantially biphase. The thickness of such a complex column increased as the volume fraction of the Celeclor drop (⌽) increased up to 0.3, as seen in Fig. 5͑c͒ .
When the Celeclor s45 comprised the continuous phase and a less conductive silicone oil formed a dispersed emulsion drop, there is no significant change in the microstructure of the electrified polyaniline particle chain; this differed from the result shown in Fig. 5 . Figure 6͑a͒ gives a similar morphology of polyaniline chain in Celeclor s45, however, the dispersed silicone oil drops did not form a stable chain but were mostly distributed near the electrode ͓Figs. 6͑b͒ and 6͑c͔͒ after a nonuniform electrohydrodynamic motion upon application of the electric field. Their behavior was not sensitive to the concentration of the silicone oil drops dispersed in the Celeclor s45. Wu and Conrad ͑1997c͒ also reported the migration and deposition of particles with lower conductivity on the positive electrode. Since the polyaniline particles were mainly located in the Celeclor matrix, the drops of the silicone oil did not participate in the formation of the field-induced microstructure of the entire particle suspension.
C. Mechanism based on the structural changes
In this section, we explain the relevant mechanism of the ER response in these solidliquid bidispersions on the basis of the characteristic yield stress behavior and direct microscopic investigations. Since we employed a static electric field throughout the present study, the governing parameter of the electrostatic interaction in the intrinsic material properties was electrical conductivity. The conventional mechanism in the ER response is the so-called formation of fibril-like chains that span between the positive and negative electrodes. Buildup of such structures can be explained by the role of induced electrostatic dipoles via bulk, surface, and interfacial polarization. The structure of the emulsion under electric field is based on the deformation of drops suspended in a medium; this phenomenon is significantly different from the case of electrified particle suspension. Whenever any interfacial stress is developed, a change in the shape of the liquid drop as well as the fluid motion inside and outside of the drop would be induced. Although the emulsion column structure that forms in these conditions cannot produce large mechanical energy dissipation sufficient to exhibit yield stress behavior, this phenomenon is important not only because of an academic interest but also because of the potential application of forming the multiphase ER materials, as employed in the present study. Figure 7 illustrates the process of structural change due to the ER effect for systems of particulate suspensions and oil-in-oil emulsions. First, the ER response in ordinary particle suspension is based on the well-known particle fibrillation ͓Fig. 7͑a͔͒. The interaction force between the two adjacent particles have been presented to be proportional to the square of the product of the complex polarizability ␤* and the external electric field E 0 ͓Gast and Zukoski ͑1989͒; Davis ͑1992͔͒
However, this simple model cannot reflect the field-dependent conductivity of dispersed and continuous phases, which gives the different field dependence of ER response actually in the dc or low-frequency ac electric field. Recent studies on the conductivity model of ER phenomena ͓Tang et al. ͑1995͒; Wu and Conrad ͑1997a,b͔͒ are based on the non-Ohmic conductivity of the continuous phase c , where A and E c are material constants of used oil. Using the corresponding fielddependent conductivity ratio between the particle and host oil, a good explanation of the experimental deviation from quadratic dependence of E 0 was given ͓Tang et al. ͑1995͒; Wu and Conrad ͑1997a,b͔͒. Under the condition of a dc electric field, polarizability ␤* is given by ͓Davis ͑1992͔͒
where p is the conductivity of particle. Thus, with the relevant data of conductivity in Table I , ␤* gives the value of 0.9986 in the case of polyaniline particle suspension in silicone oil. In comparison, polyaniline suspension in Celeclor s45 has a smaller conductivity mismatch ratio so that it gives a smaller ␤* value ͑0.6921͒. However, such a polyaniline/Celeclor suspension exhibited even greater ER response than a silicone oilbased one in the regime of the dc electric field. The mechanism of the highly facilitated ER activity in the halogenated continuous phase of Celeclor could not be fully understood. The possible ionic polarization of the substituted Cl Ϫ of Celeclor at the particlemedium interface, in addition to the intrinsic electronic polarization in polyaniline particle, might be ascribed to the origin of stronger ER effect. Also it can be explained by the large dielectric constant of Celeclor s45 ͑7.8͒ compared with that of silicone oil ͑2.6͒, since the ER attractive force of conductivity model in the dc electric field contains a term of dielectric constant of host oil, irrespective of the field strength ͓Tang et al. ͑1995͔͒. Figure 7͑b͒ is the schematic illustration of the microstructures for two-phase emulsions with different conductivity ratio. From the random dispersion without an electric FIG. 7. Distinct mechanism in electrorheological phenomena under static electric field and shear flow ͑a͒ solid particle suspension, ͑b͒ emulsions with a difference in conductivity.
field, bridging structures are formed under electric field when the dispersed phase is the more conductive one. The value of ␤* in the emulsion system is also
where d is the conductivity of the dispersed emulsion drop. When Celeclor s45 forms the dispersed phase and silicone oil is continuous phase ( d Ͼ c ), ␤* gives a positive value ͑0.9895͒, whereas the corresponding phase-inverted emulsion ( d Ͻ c ) has a ␤* of negative one ͑Ϫ0.4974͒. Depending on the sign of ␤*, the domain structures caused by electrohydrodynamic deformation can be different, being either bridging structures or deposition of dispersed drops at the positive electrode. For the case of the negative value of ␤*, no macroscopic ER activity or even negative ER response can be observed. Details on the ER behavior of emulsion as well as the qualitative analysis on the basis of the leaky dielectric model in emulsions ͓Taylor ͑1964͔͒, however, are beyond the scope of the present study. Figure 8 shows the schematics of the microstructural evolution for the complex dispersion containing ER particles as well as emulsion drops with conductivities both higher or lower than those in the continuous phase. Although these microstructures were observed only for very dilute concentration of particles without any shear flow ͑Figs. 5 and 6͒, trends in the macroscopic rheological behavior of the concentrated suspension strongly support the following mechanisms.
͑1͒ The ER particles and deformed emulsion drops ͑more conductive Celeclor s45͒ dispersed in the continuous phase ͑silicone oil͒ form both particulate and liquid bridging structures spanning the electrodes ͓Fig. 8͑a͔͒. Since most of the particles are distributed in the Celeclor-rich phase, the deformed drops enclose the columns of particles. Thus, the polyaniline-Celeclor complex behaves as a dispersed body with ER activity. Furthermore, the presence of the polyaniline-Celeclor interaction within these complexes is a distin -FIG. 8 . Illustration of the mechanism in electrorheological phenomena for particulate-emulsion drop bidispersed system: ͑a͒ dispersed droplet is more conductive Celeclor s45; ͑b͒ dispersed droplet is less conductive silicone oil. The conductivity of particle ͑polyaniline͒ is greater than that of both liquids. guishing factor in the synergistic effect in the ER response. The conductivity of each phase is sequenced as p Ͼ d Ͼ c in this case.
͑2͒ The presence of the less conductive emulsion drops ͑silicone oil͒ in the continuous phase ͑Celeclor s45͒ does not affect the structural change of ER particles ͓Fig. 8͑b͔͒. Thus, the morphology of the particulate column is similar, irrespective of the presence and amount of dispersed drops in the condition of p Ͼ c Ͼ d . The fact that particles are hardly placed within the silicone oil drops is also different from the situation described in number ͑1͒ above.
The situation described in number ͑1͒ seems to directly affect the mechanical energy of dissipation in the ER suspension, which is closely related to the field-induced yield stress. A direct correlation of the structural change with the rheological properties would not, however, be simple. We only confirm the morphology of dilute ER suspensions with or without complex dispersed phase and the observations were performed without any shear flow. The proposed mechanism shows only a qualitative agreement between the magnitude of yield stresses and the developed microstructures under electric field.
In addition to the previous experimental observation on the emulsion drops ͑Figs. 2 and 3͒, the ER yield stress behavior was further examined for the polyaniline-Celeclor drop-silicone oil system, by varying the relative fraction of dispersed particles and emulsion drops. Figure 9 illustrates the electric field dependence of dynamic yield stress, normalized by the fraction of polyaniline particles p . First, the yield stress is gener -FIG. 9 . Normalized dynamic yield stress by the volume fraction of polyaniline particle ( y / p ): dependence on the electric field strength: ͑a͒ ⌽ ϭ 0, ͑b͒ ⌽ ϭ 0.1, ͑c͒ ⌽ ϭ 0.3. ally proportional to the volume fraction of the particulate phase, as the overlapping data confined for the polyaniline suspension in pure silicone oil ͓Fig. 9͑a͔͒. In this case, the volume fraction of the particles do not affect the electric field dependence of the normalized yield stresses, which uniformly show a lower deviation at a high E, from the theoretically driven E 2 dependence. Second, Fig. 9͑b͒ is for the suspension in silicone oil with Celeclor s45 fraction ⌽ ϭ 0.1. The magnitude of the normalized yield stresses is also overlapped for various particle fractions; however, the electric field dependence changes. At a low fraction of particles, anomalous behavior of electric field dependence, which gives an exponent above 2, is obtained. This behavior is not completely understood, but one possible explanation is that the structural effects of polyaniline-Celeclor complexes cause an additional interaction in the ER effect. The electric field dependence was around quadratic at low particle fraction and gradually decreased when the relative fraction of particles p , compared with ⌽, was increased. Figure 9͑c͒ shows the case of ⌽ ϭ 0.3, containing a larger amount of Celeclor s45 drops relative to the case in Fig.  9͑b͒ . The decrease of the exponent of field dependence at the increased particle fraction became less dominant compared with ⌽ ϭ 0.1 due to the increased fraction of the polyaniline-Celeclor complex. From this behavior, we can see that Celeclor emulsion drops dispersed in the polyaniline ER suspension affect the magnitude as well as the electric field dependence of the yield stresses by the unique ER mechanism associated with the formation and metamorphosis of electric field-induced microstructures. Figure 10 illustrates the loci of normalized yield stress ( y / p ) versus the ratio of volume fractions (⌽/ p ) for the sets of data in Fig. 9 . For ⌽ ϭ 0, normalized stresses lie on a single point for each separate field strength, irrespective of p . As the ratio of ⌽/ p increases, y / p initially increases, reaching a maximum at about a ratio of 5-7. Increasing pattern of y / p with the volume fraction ratio is due to the role of the polyaniline-Celeclor complex, whereas this pattern decreases again with a large amount of Celeclor drops. Such a master curve illustrates the relative effectiveness and optimum concentration of emulsion drops in the ER response on the basis of the fraction of the particulate phase.
IV. CONCLUSIONS AND REMARKS
We have presented the rheological and microscopic behavior of ER fluids containing particle/emulsion drop bidispersed phases for the first time. The yield stress response and microscopic observations under different conditions are examined and compared with those of conventional particulate ER suspensions. In order to induce the combined ER effects by the polarization of both dispersed particles and emulsion drops, the semiconductive polyaniline particles as well as oil-in-oil emulsions with different electrical conductivity were used.
The polyaniline/silicone oil suspension containing Celeclor s45 emulsion drops exhibited an ER response much stronger than the suspension without Celeclor at the same volume fraction of the dispersed particle. Therefore, the dynamic yield stresses significantly increased with the amount of the Celeclor emulsion drops, but did not when the less conductive silicone oil formed the dispersed drops. Even though the suspension of polyaniline in pure Celeclor s45 exhibited stronger ER activity than the silicone oil-based suspension, polyaniline dispersed in Celeclor/silicone oil emulsion ͑volume fraction of Celeclor ⌽ ϭ 0.3͒ exhibited even stronger ER activity.
At the stationary condition, observation of the electric field-induced microstructures in emulsions and particulate suspensions containing liquid drops displayed various responses. Bridging structures of slender bodies were observed in Celeclor/silicone oil emulsion for positive ␤* ͑dispersed phase is Celeclor s45͒, whereas unstable chains of silicone oil drops were deposited on the positive electrode. In the presence of polyaniline particles, such a microscopic behavior of emulsion drops could also be observed. In addition, slender wormlike structures of Celeclor s45 and polarized polyaniline chains comprised substantially biphase columns.
The effects of introducing a more conductive liquid as an additional dispersed phase show the synergistic effects based on the mechanism of chain formation in ER suspensions, which affect the mechanical energy toward the resistance to flow and yield stress of ER fluids. Using a particle/emulsion complex in the preparation of ER materials is an alternative method for enhancing the performance of conventional ER suspensions without facing the general disadvantages of concentrated particulate suspensions, such as the increased current leakage and irreversible aggregation of particles. For a further improvement of currently designed ER materials, making smaller and uniformly sized polymeric particles as ERF substrates would be helpful in preparing a more stable particulate/ emulsion complex. Moreover, optimization of the conductivity and viscosity ratio between the emulsion constituents, relative concentration of particles, and stabilizer ͑sur-factants and emulsifiers͒ would be necessary for designing high-performance ER materials and solving the underlying mechanism of ER phenomena.
